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Electrostatic control of GTP and GDP binding in the 
oncoprotein p21ras
I Muegge1, T Schweins2, R Langen3 and A Warshel1*
Background: p21ras is one of the GTP-binding proteins that act as intercellular
molecular switches. The GTP-bound form of p21ras sends a growth-promoting
signal that is terminated once the protein is cycled back into its GDP-bound
form. The interaction of guanine-nucleotide-exchange factors (GEFs) with 
p21ras leads to activation of the protein by promoting GDP→GTP exchange.
Oncogenic mutations of p21ras trap the protein in its biological active 
GTP-bound form. Other mutations interfere with the activity of GEF. Thus, it 
is important to explore the structural basis for the action of different mutations. 
Results:  The crystal structures of p21ras are correlated with the binding affinities
of GTP and GDP by calculating the relevant electrostatic energies. It is
demonstrated that such calculations can provide a road map to the location of
‘hot’ residues whose mutations are likely to change functional properties of the
protein. Furthermore, calculations of the effect of specific mutations on GTP and
GDP binding are consistent with those observed. This helps to analyze and
locate functionally important parts of the protein. 
Conclusions:  Our calculations indicate that the protein main chain provides a
major contribution to the binding energies of nucleotides and probably plays a
key role in relaying the effect of GEF action. Analysis of p21ras mutations in
residues that are important for the proper function of GEFs suggests that the
region comprising residues 62—67 in p21ras is the major GEF-binding site. This
analysis and our computer simulations indicate that the effect of GEF is probably
propagated to the P-loop (residues 10–17) through interaction between Gly60
and Gly12. This then reduces the interaction between the main-chain dipoles 
of the P-loop and the nucleotide. Finally, the results also suggest a possible
relationship between the GTP→GDP structural transition and the catalytic 
effect of the GTPase-activating protein.
Introduction 
The ras-dependent signal transduction pathway has caused
considerable interest in recent years, particularly because of
its involvement in the regulation of cell growth and in
human cancer. Proteins that participate in this pathway are
still being discovered and it is clear that p21ras is one of the
key components in this system. This protein is a small
guanine-nucleotide-binding protein that represents an
active growth-promoting signal when bound to GTP and is
inactive when GDP is bound [1–3]. Therefore, the ratio of
GDP-bound to GTP-bound p21ras is crucial for the control
of cell growth and proliferation, and this ratio must be con-
trolled precisely. In wild-type p21ras, the deactivation (GTP
to GDP) conversion, is achieved by hydrolysis, a process
that can be accelerated drastically by physical interaction of
p21ras with the GTPase activating proteins (GAPs) [4,5]. 
Most of the known oncogenic mutations impede the GTP
hydrolysis, thereby trapping p21ras in the active
GTP-bound state [6]. Thus, understanding the molecular
mechanism responsible for conversion of GTP to GDP by
p21ras is crucial for understanding the molecular basis of
cancer. Our earlier studies of this problem have focused
on the elucidation of the GTP hydrolysis mechanism
[7–9]. Here, we extend our theoretical analysis to the
related issue of nucleotide binding. 
Studies of nucleotide binding can provide useful informa-
tion on the activation of p21ras and other GDP-binding
proteins. This process does not involve a chemical reac-
tion but an exchange of GDP by GTP and is catalyzed by
guanine-nucleotide-exchange factors (GEFs), such as
CDC25 in yeast [10] or SOS in mammalian cells [3,11].
Exchange factors convert p21–GDP to p21–GTP by dras-
tically reducing the affinity of both GDP and GTP in the
ternary GEF–p21ras–GXP complex. Thus, a nucleotide-
free binary GEF–p21ras complex is formed that can bind
GTP (whose concentration in the cell is larger than that
of GDP). This process ‘activates’ p21ras by generating the
p21–GTP complex. Very recently it was shown that
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p24ran — a small GDP binding protein that is involved in
nuclear transport — is activated by a very similar mecha-
nism [12]. It would not be surprising if other small
guanine-nucleotide-binding proteins are also activated by
this mode. 
Several crystal structures of p21ras in the GTP-bound and
the GDP-bound states are available [13–16]. These struc-
tures allow us to analyze the main factors responsible for
nucleotide binding in the respective states. Here we show
that calculations of electrostatic energies, using structural
information as a starting point, provide an effective way of
elucidating the nature of substrate binding and of deter-
mining the contributions of different residues. In particu-
lar, it has been possible to quantify the role of the P-loop
(a ubiquitous and highly conserved structural element in
nucleotide-binding proteins) and the important statement
of crystallographers [14,15] that the greatest contribution
to nucleotide binding comes from the main chain. We also
show that the analysis of these contributions can provide
very useful insights into the activation of p21ras by
exchange factors.
Results and discussion
Calculating the overall nucleotide-binding energy
In order to evaluate the electrostatic contributions to the
interaction between p21ras and its GTP and GDP ligands
we used the PDLD/S (semi-microscopic Protein Dipoles
Langevin Dipoles) approach as implemented in the
program POLARIS [17]. The details of this semi-micro-
scopic approach and its performance in calculations of
binding energies are described elsewhere [17–19] and are
briefly discussed in the Materials and methods section. As
a starting point, the crystal structures of the GTP- and
GDP-bound forms (referred to herein as the GTP and
GDP structures) [13–16] were used to generate relaxed
structures, as described in the Materials and methods
section. The calculations involved an assumed ‘dielectric
constant’, ep, that represents the contributions that were
not included explicitly in the given model. (Note that this
scaling factor is not equal to the true local dielectric con-
stant, which can have much larger values [17]). Here, we
report the results with ep=4 (which in case of the PDLD/S
model should correspond to the upper limit for this
parameter) and examine the effect of changing ep (see the
Materials and methods section).
In order to relate the calculated binding energies to the
corresponding observed values one should consider the
possible equilibria shown in Figure 1. After analyzing the
available experimental information it was assumed that
the binding process involves k3 and k–3 (i.e. a direct
binding of the Mg2+–GTP4– complex). This assumption is
consistent with the dissociation scheme of John et al. [20]
for high Mg2+ concentration. It is also consistent with the
observation that the Mg2+ ion does not appear to bind with
significant affinity in the absence of the nucleotide (k5
and k–5). Therefore, the binding scheme in which the
nucleotide binds to an active site that already contains a
Mg2+ ion (k4 and k–4) can probably be neglected. However,
at present it is hard to exclude completely a scheme that
involves the binding of the nucleotide to the active site
that is normally occupied by the Mg2+ ion (k2 and k–2). 
Table 1 summarizes our binding calculations. As seen
from the table, we obtain a very reasonable agreement
between the calculated and the observed absolute binding
energies for values of ep between 3 and 8. Obtaining such
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Figure 1
Equilibrium scheme for the binding (dissociation) of GTP4– to p21ras in
the presence of an Mg2+ ion.
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Table 1
Binding free energies of Mg-GTP and Mg-GDP in relaxed native
structures of p21ras.
System PDLD/S estimate of Experimentally
nucleotide-binding energies determined binding
DG3 (kcal mol–1)* energies DG3 (kcal mol–1)
ep=2 ep=3 ep=4 ep=6 ep=8
p21–GTP –25.0 –18.9 –15.9 –12.8 –11.3 –15.2
p21–GDP –25.9 –19.3 –16.0 –12.7 –11.0 –14.8
*Calculated binding free energies are given by [17]. DGbinding= DGa–DGb
–DGc, where DGa, DGb and DGc are the solvation energy of the
protein–ligand system in water, the solvation energy of the protein in water
and the solvation energy of the ligand in water, respectively (see the
relevant thermodynamic cycle in [18]). The calculated binding free
energies DG3 correspond to the binding of the nucleotide–Mg2+ complex
to p21ras. Harmonic distance constraints of 10 kcal mol–1 Å–2 were used
to keep the distances between the Mg2+ ion and the atoms that constitute
its coordination sphere close to their positions during the MD simulation.
Constraints were imposed on the distances between the Mg2+ ion and
the corresponding nucleotide oxygens, the oxygens of Ser17 and the
oxygen of Thr35. The experimentally determined binding energies
correspond probably to DG3 as they were measured by excess of Mg2+
ions (10 mM; see discussion in [20]). The hydrophobic contributions to
nucleotide binding as calculated by the PDLD/S method are 3.7
kcal mol–1 for p21ras–GDP and 3.9 kcal mol–1 for p21ras–GTP. These
contributions which are included in DG3 are not scaled by ep [17]. The
results with ep=4 are shown in bold as this is the optimum value for ep.
an agreement within a reasonable range of ep (without
using any other adjustable parameters) is encouraging as
these binding energies reflect the collective effect of
many large contributions, compensation for which is not
assumed a priori but evaluated in an unbiased way. 
Evaluating group contributions
Once we establish that our total binding energy is reason-
able, we may try to break this energy into the individual
contributions of the protein residues (group contribu-
tions). Such a decomposition is not unique (e.g., see [21])
and depends on the way the given contribution is calcu-
lated. Furthermore, the contribution of a specific residue
depends on whether the other residues are allowed to
relax during the evaluation of the given contribution (a
related example of evaluation of the contributions of the
so-called helix-dipole is given in [22]). Perhaps the most
useful definition is obtained by identifying group contri-
butions with the change in binding free energy upon
‘mutation’ of all the residual charges of the given group to
zero. This contribution is therefore a major part of the
overall thermodynamic cycle of mutating this group to
glycine. The energy of a complete mutation can then be
obtained by evaluating the free energy of introducing a
new residue in this position. (Our group contribution
approach is formally similar to the use of half-cell potential
in determining redox free energies). The calculations of
group contributions using the PDLD/S method are rather
expensive. Thus, we estimate the group contributions of
most residues using a simplified procedure. In this simpli-
fied approach we treat the reorganisation of the solvent
and the protein implicitly by using Coulomb’s law for
charged and uncharged groups. That is, in evaluating the
group contributions of polar residues we used Coulomb’s
law with e=ep=4 (this approximation is referred to as the
‘non-relaxed’ approach for reasons discussed in the Mat-
erials and methods section) while for group contributions
of ionized residues we used an effective dielectric constant
e=eeff=40. The validity of this seemingly ad hoc simplified
approach for non-polar residues is established in Table 2
and in the Materials and methods section. The validity
and robustness of using a dielectric constant of about 40
for charged groups is established in many studies (see dis-
cussion in the Materials and methods section). Although
we use the PDLD/S method to calculate absolute
nucleotide-binding energies of the wild type and several
mutants, we employ the simplified approach throughout
the paper  to estimate group contributions.
The calculated group contributions are summarized in
Figures 2–4. Figure 2 represents the electrostatic contri-
butions to the binding of GTP to p21ras, focusing on the
effects of the residues adjacent to the bound GTP.
Residues colored blue contribute significantly to GTP
binding whereas red colored residues destabilize the
nucleotide. The consequences of these differences will be
discussed below.
In order to improve our understanding of the differences
between the biological active (p21–GTP) and inactive
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Table 2
Comparing PDLD/S and ‘non-relaxed’ group contributions of
some main-chain residues that are involved in nucleotide
binding to p21ras.
Residue* Non-relaxed PDLD/S
Ala11 1.41 1.78
Val14 –1.38 –0.85
Lys16 –1.91 –1.81
Ser17 –2.41 –2.48
Ala18 –3.12 –3.34
Leu19 –0.79 –0.57
*The calculations are for p21–GTP.
Figure 2
Electrostatic contributions of residues of
p21ras that are in close proximity to the
GTP4––Mg2+ complex. (a) The GTP-bound
structure of ras. (b) The GDP-bound structure
with the GTP4––Mg2+ complex as substrate.
Blue colored residues contribute to the
binding whereas red colored residues
destabilize the ligand. (The figure was
generated using MOLSCRIPT [43] and
Raster3D [44,45].)
(p21–GDP) forms of p21ras, we determined the group
contributions in these two structures. In this analysis we
focused on the effect of the protein structural change on
the bound GTP ligand. By having the same ligand
present in both structures we were able both to examine
the group contributions on an equal footing and to
explore possible biological implications of the structural
change (see below). The additional g-phosphate was
modeled into the active site of p21–GDP without shifting
any protein atom. This was possible as p21–GDP pro-
vides a sufficiently large cavity to host the added g-phos-
phate. As can be seen from Figure 2, there are significant
differences in the electrostatic group contributions
between the two forms of p21ras. It is very likely that
these differences account for a part of the biological prop-
erties of p21ras. It is even possible that this difference
plays a major role in the catalytic GTPase activity (see the
Biological implications section).
The electrostatic contributions depicted in Figure 2a are
exhibited in a more quantitative way in Figure 3. This
figure presents the contribution of individual residues to
binding of GTP to the GTP-bound crystal structure.
Interestingly, for many residues the most important con-
tributions come from the main chain. There are several
reasons why we believe that this finding reflects a valid
and very useful interpretation of the energetics associated
with the available structural information. First, as we
reproduce, in a reasonable way, the observed binding
energy we believe that the corresponding group contribu-
tion reflects the underlying physics of the system. Second,
we evaluated the non-relaxed and the PDLD/S group
contributions for the non-glycine main-chain dipoles of
the P-loop and the results obtained by both models are
quite similar (see Table 2). Finally, we address in the
Materials and methods section the use of eeff=40 and show
that using lower values of eeff leads probably to an over
estimation of the effect of ionized residues. 
It is important to note that the ‘electrostatic fingerprint’
of Figure 3 (represented by x symbols) has peaks at
similar positions to the ‘genetic fingerprint’ (represented
by diamonds in the figure) that characterizes the highly
conserved regions not only in the ras-protein family 
but also in the enormous superfamily of GTP-binding
proteins. This point is illustrated in Figure 3 where 
the positions of these highly conserved residues are
shown to correlate with large electrostatic contributions
to nucleotide binding. 
Figure 4 depicts the calculated electrostatic contributions
for the crystal structure of p21–GDP. The overall pattern
for the interaction with GDP looks very similar to that
obtained for p21–GTP with the exception of residues
57–61, which do not provide any electrostatic contribution
to GDP binding. Minor differences in the binding pattern
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Figure 3
Electrostatic contributions of individual residues to the binding of GTP to
p21ras: (a) total contributions; (b) main-chain contributions; (c) side-chain
contributions. x indicates residues whose mutation leads to significant change
in nucleotide-binding activity of p21ras (the corresponding experimental
references are listed in Table 3). Highly conserved residues are designated by
filled diamonds whereas those that belong to structural motifs involved in
nucleotide binding, and are not that highly conserved, are designated by
unfilled diamonds (below the x symbols). The approximated group
contributions were calculated using only the Vqm/ep term of equation 1 with
ep=4. The relaxed group contributions of the ionized residues were calculated
using Vqm/ep with ep=eeff=40. 
arise for the effector loop L2 region, with Pro34 that is
localized near the g-phosphate and Asp119 that is located
close to the base of the nucleotide. Basically, the same
results shown in Figures 3 and 4 were obtained using the
relaxed structures instead of the crystal structures (data
not shown). 
As clarified above, the group contributions of Figures 3
and 4 cannot be compared directly with experimental
observations as the relaxed-group contributions involve
only a part of the thermodynamic cycle associated with a
given mutation. It only represents a ‘half’ mutation
process where the given residue is in its wild-type form.
The energetics of a complete mutation requires the
second half, which is associated with the mutated residue.
However, if a given residue does provide a significant con-
tribution to binding it is likely that any mutation of this
residue will cause some change in ligand binding and/or
GTPase activity. This point is examined in Figures 3 and
4 and in Table 3. Figures 3 and 4 show, for a given
residue, a clear correlation between a large electrostatic
contribution and the existence of significant change of
binding activity upon mutation. As pointed out above, it is
also clear from the figure that residues with a significant
electrostatic contribution to nucleotide binding are the
ones that are also highly conserved in GTP-binding
proteins (represented by diamonds in Figs 3,4). 
Apparently, as seen from Figures 3 and 4, one can divide
p21ras into three regions that are important for guanine-
nucleotide binding. The first region comprises residues of
loop L1 (10–15), helix a2 (16–25) and loop L2 (26–37).
The second important region spans from residues 57–61.
Both regions are mainly involved in binding the nega-
tively charged phosphates of the nucleotide. The third
stretch of amino acids, comprising residues 116–120 and
144–149, provides a smaller electrostatic contribution to
GTP binding but is essential for the nucleotide speci-
ficity. As those residues interact predominantly with the
uncharged guanine base, it is not surprising that the
resulting interactions in our electrostatic screening are sig-
nificantly smaller compared with those of the first two
regions. With this in mind, we will focus in the next
section on the effects of selected mutations in different
regions of the protein. In a few cases we will consider
actual calculations of these mutations whereas in other
cases we will only point out the relationship between the
calculated group contributions and the effect of mutations. 
Effects of key residues
The role of the P-loop in phosphate binding
The first region that is of importance for nucleotide
binding is defined by residues 10–24. As mentioned
before these residues play a crucial role in phosphate
binding and part of this region (10–17) is called the P-loop.
The glycine-rich P-loop (10GxxxxGKS/T17) is a recurring
sequence motif found in many ATP- and GTP-binding
proteins and was probably invented by nature several
times [23]. The crystal structures of p21ras and other
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Figure 4
Electrostatic contributions of individual residues to the binding of GDP to
p21ras: (a) total contributions; (b) main-chain contributions; (c) side-chain
contributions. x and both the filled and unfilled diamond denote the same
as in Figure 3. Group contributions were calculated as in Figure 3.
nucleotide-binding proteins (i.e. EF-Tu, p24ran, adenylate
kinase, transducin) reveal that this loop not only wraps
nicely around the b-phosphate but is probably involved
directly in catalysis (i.e., Lys16 providing stabilization of
the pentacovalent phosphate transition state) and in
binding of the required Mg2+ ion (Ser17 is one of four
ligands that spans a plane of the octahedral coordination
sphere). However, very little is known about the effective
contribution of this region towards nucleotide binding. In
p21ras, four out of eight residues in the P-loop are glycines
(10GAGGVGKS17). Other nucleotide-binding proteins,
which do not have a ras-like P-loop (e.g. tubulin, adenylo-
succinate synthetase or the E. coli FtsZ protein) also have
glycine-rich regions that seem to be of importance 
in phosphate binding [23]. More interesting is the fact 
that the exchange of the glycine in position 12 with every
other amino acid except proline leads to an oncogenic
ras-protein with a perturbed GTPase reaction.
To address the question of what makes the P-loop or other
glycine-rich regions such excellent ‘phosphate solvents’,
we evaluated the contributions of the protein backbone to
nucleotide binding. The calculated electrostatic contribu-
tions of the protein backbone for GTP and GDP binding
are shown in Figures 3b and 4b as a function of the residue
number. As seen from the figure, these contributions are
not very different from the corresponding contributions of
an entire residue in Figure 3a and 4a. This implies that a
large fraction of the amino acids comprising p21ras con-
tribute to nucleotide binding by backbone interactions
rather than by the effect of specific side chains. This
remarkable result is especially true for the P-loop region.
Figure 5 demonstrates how the individual dipoles of the
protein backbone in this region are nicely oriented towards
the charged b- and g-phosphates of the nucleotide. Hence,
the glycine-rich region can be considered as a highly
specific phosphate chelating domain, similar in design to
synthetic crown ethers that chelate, for example, cations. 
The importance of the P-loop for nucleotide binding has
been supported by the indirect observation that the
Gly15→Ala mutant acts as dominant negative inhibitor of
the ras-signal transduction pathway. Chen and coworkers
[24] have found that the Gly15→Ala mutant binds GTP
and GDP less strongly than the native enzyme by factors
of 1 × 10–2 and 3 × 10–2, respectively. Even without
detailed calculations, we find this effect to be consistent
with the observation that most of the binding energy in
this region results from interactions between the
nucleotide and the amide dipoles of the backbone. Thus,
it is reasonable to assume that the steric interaction
between the alanine side chain and other residues in the
active site reduces the ability of the protein to align its
main-chain dipoles towards the phosphate. In order to
analyze this point, we evaluated the electrostatic contri-
butions to the nucleotide binding in the mutant protein.
The Gly15→Ala mutant structure was generated from the
GTP-bound crystal structure of the native protein by con-
structing the alanine side chain and then relaxing the
mutant structure using MD simulation (allowing it to
respond to the sterical change imposed by the methyl
group of the alanine residue). Figure 6 shows the group
contributions to the difference in binding between the
wild type and the mutant. It appears that the mutation
effects not only the contribution to nucleotide binding
from residue 15 but also that from Gly60 (Fig. 6)  (the
possible implication of this effect will be discussed in the
last section). Most importantly, the overall calculated
binding free energy of GTP and GDP (Table 4) was
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Table 3
Correlation of reported mutational effects with the finding of
significant electrostatic contributions.
Residue* Electrostatic contributions (ep=4) Reference
GTP GDP
12 –1.6 –0.7 [54]
13 –2.7 –3.0 [55]
14 –1.6 –1.3 [36]
15 –2.9 –3.8 [24]
17 –4.9 –4.8 [20,25,26]
28 –0.2 –0.2 [56]
34 –1.2 –0.2 [27]
35 –4.9 0.0 [20]
36 0.4 –1.0 [27]
38 0.9 0.3 [55]
57 0.8 –0.2 [20]
59 –0.7 0.0 [27,36,57]
60 –3.4 0.1 [30,57]
61 –1.3 –0.2 [36]
116 –1.4 –1.4 [32]
119 –1.0 0.2 [32,33]
146 –1.5 –1.8 [36]
Figure 5
P-loop main-chain dipoles (in red) pointing towards the b- and
g-phosphate of GTP in the GTP-bound structure of p21ras. 
(Figure generated using MOLSCRIPT [43] and Raster 3D [44,45].)
found to decrease, in agreement with the finding of Chen
and coworkers [24] (see Table 4). 
At this point it is useful to discuss the role of Gly15→Ala
as a dominant negative inhibitor of the ras pathway. In ana-
lyzing this, one has to be familiar with the rather complex
nature of the interplay between (GEFs) and p21ras. As dis-
cussed earlier, GEFs convert p21–GDP to p21–GTP by
reducing the binding energy of both GTP and GDP in the
ternary GEF–p21ras–GXP complex. This ternary complex
can dissociate back to either p21ras–GXP or GEF–p21ras.
From this, it follows that the lower the nucleotide-binding
affinity in the ternary complex the higher is the tendency
to form the GEF–p21ras complex. On the other hand, the
nucleotide affinity of p21ras–GEF is mainly determined 
by the same amino acids that contribute to guanine-
nucleotide binding in isolated p21ras. Thus, any mutation
that affects nucleotide binding to p21ras is also very likely
to affect nucleotide binding in the GEF–p21ras complex.
As a result of its lowered nucleotide affinity, Gly15→Ala
will have a higher tendency to appear in the GEF com-
plexed form. However, this can lead to a reduction of the
pool of biologically active exchange factors. Thus, when
Gly15→Ala is coexpressed with ras wild type the mutant
forms a stable complex with exchange factor and little or
no free exchange factor is left for the physiological func-
tion of activating p21ras. This leads to termination of any
upstream signal in the ras-pathway of cell growth. 
In view of the above discussion, it appears that the bio-
logical effect of the Gly15→Ala mutant is associated with
its reduced affinity for nucleotides. This reduction in
nucleotide-binding affinity is reproduced by our calcu-
lations (Table 4) and is largely due to the reduction in 
the interaction between the main-chain dipoles and the
nucleotide. 
In examining the role of the P-loop it is also important to
explore the effect of Ser17. The Ser17→Asn and
Ser17→Ala mutants exhibit a similar inhibitory effect to
Gly15→Ala and they also reduce the nucleotide-binding
affinity of p21ras [24]. Feig and coworkers [25,26] have
suggested that the reduced binding in the Ser17 mutant
may be due to the effect of Ser17 on the coordination of
the internal Mg2+ ion. Our calculated group contributions
are consistent with this suggestion but they also point 
to another important factor; the main chain of Ser17 
also interacts strongly with the nucleotide. The PDLD/S
calculations of the effect of the Ser17→Ala mutation
(Table 4) suggested a reduction in binding affinity of
GDP and GTP. This is due to a shift of the main-chain
amide dipoles and the elimination of the interaction
between the side chain and the Mg2+ ion. In contrast to
Ser17→Ala, it has been found for Ser17→Asn that it is
mainly the GTP binding that is affected, leaving the GDP
binding almost unchanged. This result is reproduced
qualitatively by our calculations (Table 4). 
Note that both Ser17→Ala and Gly15→Ala are inhibitory
mutants of p21ras with a reduced nucleotide-binding affin-
ity. However, whereas in Gly15→Ala the origin of this
effect seems to be the steric repulsion between the
alanine side chain and its close neighbors (Asn116 and
GTP), the main effect in Ser17→Ala is due to a reduction
in affinity between the side chain of Ser17 and the
Mg2+ ion that also indirectly affects the nucleotide affinity. 
Research Article GTP and GDP binding in p21ras Muegge et al. 481
Figure 6
The difference between the electrostatic contributions to GTP binding
of the relaxed wild-type structure p21–GTP and the relaxed
Gly15→Ala mutant structure of p21ras. Group contributions were
calculated as in Figure 3. Negative values indicate that the
corresponding residue in the wild-type enzyme stabilizes GTP more
than that of the mutant.
Table 4
Calculated and observed relative binding free energies of GTP
and GDP in different p21ras mutants.
Structure PDLD/S estimate Experimentally
of relative binding determined relative
energy (kcal mol–1)*† binding energies
DG3 (kcal mol–1)‡
(Gly15→Ala)p21–GDP 0.7 2.1 [24]
(Gly15→Ala)p21–GTP 3.2 >2.8 [24]
(Ser17→Asn)p21–GDP 0.9 0.3 [24]
(Ser17→Asn)p21–GTP 2.5 >2.8 [24]
(Ser17→Ala)p21–GDP 3.5 3.6 [20]
(Ser17→Ala)p21–GTP 6.0 5.6 [20]
(Gly60→Ala)p21–GTP 5.1 -0.2 [30]
*DG3 and the experimentally determined binding energies are given
relative to the binding energies of the wild-type proteins in their GTP-
and GDP-bound forms (which are both set to zero). †All calculations
are done with ep=4. The calculated energies for DG3 correspond to
the equilibrium (k3 and k–3) of Figure 1. ‡The relevant reference is given
in brackets.
Relatively little is known about the effect on nucleotide
binding of mutations in region 34–37 [20,27]. However, it
is clear from the crystal structures that Thr35 plays an
important role in coordinating the Mg2+ ion in the GTP-
bound state but does not seem to be involved in a direct
interaction with the ion when GDP is bound. It was
shown [20] that the Thr35→Ala mutation changes the dis-
sociation constant KD for GTP by a factor of six while
leaving the KD for GDP almost unchanged. Although this
factor corresponds to a very small free energy change and
might not be as significant, it is consistent with our calcu-
lations. These show a larger side-chain contribution for
Thr35 in p21–GTP when compared with p21–GDP (see
Figs 3,4). However, a more precise conclusion would
require calculation of the actual effect of mutation. 
The contribution of the L4-loop and associated residues
It has been observed experimentally that loop L4
(residues 59–65) and adjacent residues are very important
in maintaining the biological properties of p21ras (see
Table 3). Residues 57DTAGQ61 are especially crucial to
the enzymatic GTPase activity [28] but also effect
nucleotide binding and exchange properties of p21ras
[29,30]. The effect on nucleotide binding is reflected in
our calculation. From Figure 3a, it can be seen that Gly60
and, to a lesser extent, the other residues of this region
have a major effect on electrostatic stabilization of GTP.
On the other hand, as seen from Figure 4a, this effect dis-
appears when GDP is bound, reflecting the fact that
Gly60 interacts strongly with the g-phosphate. This inter-
action is probably crucial for the function of ras, and
perhaps for the effect of GAP (see ‘The effect of the
GTP→GDP structural transition’ section). 
We also tried to calculate the difference in absolute
binding energy between wild-type protein and the
Gly60→Ala mutant (Table 4). However, although the
experimentally observed value is small [30], our calcula-
tion reproduces a significant destabilization of GTP when
Gly60 is mutated to alanine. The introduction of a methyl
group in position 60 leads to an overlap of the van der
Waals surface of this residue with the highly conserved
phosphate-binding motif (P-loop). Thus, it is not unrea-
sonable to expect a reduction in GTP affinity as two
crucial and highly conserved GTP-binding motifs steri-
cally conflict with each other. Figure 7 shows large effects
from differences in group contributions between the wild
type and the Gly60→Ala mutant. A reduction in GTP
binding affinity of Ala60 and the P-loop is visible. There-
fore, it is somewhat surprising that the experimental effect
is very small. More theoretical and experimental studies of
this issue are needed.
It has been found that the residues of the L4-loop are
important for the activation of p21ras by its exchange factor
CDC25 [31]. It might be tempting to speculate that the
interaction of CDC25, or other GEFs, with the highly
flexible L4-loop serves as a major factor in the activation
process of p21ras by changing the interaction between
Gly60 and the nucleotide. However, it is also possible that
the effect of GEF is propagated to other parts of the
protein via the L4-loop. In particular, it seems likely that
the close proximity of Gly60 and Gly12 helps to transmit
the effect of GEF from the L4-loop region to the P-loop
and the nucleotide. This idea is consistent with the calcu-
lation presented in Figure 6 that illustrates how changes in
residue 15 are transmitted to Gly60. Stronger support is
provided by the calculations described in Figure 7 which
demonstrate that changes in Gly60 can be transferred to
the P-loop as well as to other parts of the protein. This
point will be discussed further in the following section. 
The guanine recognition site
Several independent studies have shown that mutagenesis
between 116–120, a highly conserved region also known as
the NKxD motif, severely impairs nucleotide binding
[32,33]. Our electrostatic calculations correlate well with
these findings. Although this region has quite significant
contributions from backbone dipoles, it is nevertheless the
region that has, according to our electrostatic screening,
the most important interactions between protein side
chains and the nucleotide (Fig. 3). Hydrogen bonds
between the guanine base and the charged carboxylate
group of Asp119 were recently shown to be important for
nucleotide-binding specificity [33,34]. The Asp119→Asn
mutant of p21ras altered the nucleotide-binding specificity
from guanine to xanthine. Additional support for our
calculations is provided indirectly by studies on the
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Figure 7
The difference between the electrostatic contributions to GTP binding
of the relaxed wild-type structure of p21–GTP and the relaxed
Gly60→Ala mutant structure. Group contributions were calculated as
in Figure 3.
a subunit of the heterotrimeric G-protein Goa. That is,
mutations of Asn270 (homologous to Asn116 in p21ras) dra-
matically reduce affinity for GTP [35]. In p21ras, Asn116 is
also involved in the binding of the guanine base and this is
consistent with its electrostatic contributions. 
The calculated group contributions also yielded weaker
peaks in the region comprising residues 144–149. This
region, which is also important for binding specificity,
includes the 145SAK motif. The highest peak in this group
corresponds to residue 146. This is consistent with the
finding that the Ala146→Val mutant increases the rate of
nucleotide exchange more than 1000-fold [36]. Unfortu-
nately, the effect of the mutant on nucleotide binding is
not reported. 
The interaction between p21ras and GEF
The findings of the present work might help in providing
a better understanding of the molecular origin of the
action of GEF. Obviously, any attempt to fully under-
stand the effect of these proteins requires the structure of
p21ras–GEF complexes. However, some progress can be
made by considering the available mutational effects and
the information provided by calculations of electrostatic
energies. In trying to perform such an analysis one has to
identify the sites of interaction between p21ras and GEF.
This can be carried out with the help of Figure 8, which
highlights residues whose mutations interfere with the
proper function of CDC25 and other p21ras GEFs. As
indicated by the figure, it is possible to divide residues
affecting GEF into three classes. The first group (Gly15,
Ser17, Lys18, Phe28, Asn116, Lys117, Asp119 and
Thr144) create a pocket around the nucleotide. It is
almost certain that these residues are not involved in
direct interaction with the GEF as the exchange factor
would then cover the nucleotide-binding site and block
the release of the nucleotide. This is also in agreement
with a kinetic analysis that shows that the nucleotide
association rates between GDP or GTP and the
GEF–p21ras complex are very similar to the corresponding
rates for isolated p21ras. It is also difficult to rationalize the
binding of CDC25 to residues that are located inside the
protein, such as Gly15 or Asn116. Note that mutations of
these residues do not result in a reduced exchange activ-
ity when a GEF is present but are characterized by a
reduction of the intrinsic nucleotide-binding affinity. It is
reasonable to assume that these properties are related to
each other. As a result of the lower nucleotide binding
affinity, these mutants will have a higher tendency to
appear in the nucleotide free GEF–p21ras complex, thus
leading to a reduction in the pool of biologically active
exchange factor. The resulting loss of GEF activity is
therefore an indirect effect. 
The second class of mutants involves many residues of
loop L4 and forms a patch on the surface of p21ras (i.e.
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Figure 8
p21ras mutants [31,46–53] that were found  to affect the action of GEF.
(a) The GTP-bound structure of p21ras represented by a ribbon model.
GTP and Mg2+ are colored in red and cyan, respectively; a helices and
b sheets of p21ras are colored in yellow and green, respectively. 
(b),(c) Space-filling models of p21ras (in the same orientation of the
ribbon model) (b) with and (c) without GTP bound to the active site.
Residues highlighted in yellow build a pocket around the nucleotide and
their effect on exchange factors seems to be indirect. The second class
of mutants, shown in red, form a nice patch on the surface of ras. It is
very likely that this region, mainly consisting of the L4-loop residues, is
the physical interaction site of p21ras and GEF. MD simulations together
with electrostatic calculations suggest that the third group of residues
(purple) simultaneously sense the bound GEF and the bound
nucleotide. GTP and Mg2+ are colored in blue and cyan, respectively.
(Figure generated using MOLSCRIPT [43] and Raster3D [44,45].) 
Gln61, Glu62, Glu63, Ala66, Met67, Asp69, Thr71, Glu76
and Phe78). This area seems to be important for the
physical interaction of p21ras with its GEF. Analyzing
electrostatic interactions can help to examine the possi-
ble effect of loop L4 in mediating the effect of GEFs
such as CDC25. 
The third class consists of Thr35, Asp57, Thr59 and
Gly60. These seem to interact simultaneously with GEF
and the bound nucleotide. 
A major conceptional constraint on any activation model
is imposed by the observation that the GEF reduces the
binding affinity of GDP and GTP to p21ras by a similar
amount. In particular, it is not obvious how to reconcile
this observation with the assumption that p21ras and GEFs
interact through residues in the region between 61 and 78.
That is, although the most obvious suggestion is that the
binding of GEF reduces the interaction between Gly60
and the nucleotide, this is not consistent with the fact that
Gly60 shows no significant interaction with GDP and
quite strong interaction with GTP. Thus, a more likely
mechanism for the action of GEF might involve an inter-
action with ras that pushes Gly60 towards Gly12 and that
the resulting shift of Gly12 and its neighboring residues
leads to a reduction in the interaction between the P-loop
and the nucleotide. This mechanism is supported by the
proximity of residues 12 and 60 and by the calculations
(Figs 6,7) that seem to suggest strong coupling between
these regions. As seen from Figure 7, a shift in the position
of residue 60 (which in this specific case is modeled by the
Gly60→Ala mutation) leads to change in the interaction
between the P-loop and the nucleotide–Mg2+ complex.
Further support for the proposed effect of the P-loop is
provided by the observation that mutations in this region
have a large effect on the exchange rate [20,24]. 
The results presented in Figure 7 also suggest that some
of the effects of GEF are transformed through Asp57. It is
assumed that this residue participates indirectly in the
Mg2+ binding by forming two hydrogen bonds to the
protons of a water molecule that contributes to the Mg2+
coordination sphere [15]. As seen from Figure 7, changes
in residue 60 (and presumably in other residues of the
L4-loop) lead to a change in the interaction between
Asp57 and the nucleotide–Mg2+ complex. This possibility
is supported by results of Broek and coworkers [29] 
who found that the dominant-negative p21ras mutant
Asp57→Tyr blocks CDC25 function in vivo. 
Finally, as seen from Figure 7, it is also likely that Thr35,
which is also part of the Mg2+ coordination sphere, is
involved in transferring the effect of exchange factors. 
Of course, a more unique elucidation of the inter-
action of exchange factors with ras and the way this inter-
action is converted to a change in binding energy 
will have to await actual structural information about 
an GEF–p21ras complex. Further information may be 
obtained by performing double mutation experiments for 
residues in the L4- and P-loops. This would help in 
examining our hypothesis about the coupling between 
these regions. 
The effect of the GTP®GDP structural transition
In order to explore the energetics of the GTP→GDP
structural transition, we evaluated the changes in the elec-
trostatic contributions to binding energy. As outlined
above, we compared the energetics of GTP binding in the
p21–GTP structure (GTP–p21GTP) relative to the corre-
sponding reference state of GTP bound in the p21–GDP
structure (GTP–p21GDP). From Figure 9, it can be seen
that the electrostatic potential of p21GTP has a positive
potential around the negatively charged g-phosphate
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Figure 9
The electrostatic potential of p21ras protein at
the site of the GTP: (a) the GTP-bound and
(b) GDP-bound structures. The red and blue
colors show positive and negative potential,
respectively. The figure indicates that the
GTP→GDP structural transition reduces the
electrostatic stabilization of the GTP ligand.
sites. This potential is reduced significantly in the p21GDP
structure. On the other hand, the potential at the sites
around the a- and b-phosphate is more positive for
p21GDP than for p21GTP. This is due to a preferential stabi-
lization of the nucleotide in the a- and b-phosphate
region of the p21GDP structure relative to the p21GTP struc-
ture. In other words, the structural changes in the sub-
strate-binding pocket give rise to a shift of electro-
static potential from the g- towards the a- and b-phos-
phate.This effect reflects a substantial reorganization of
protein dipoles and charged residues and is probably
important for the control of binding and hydrolysis. 
It is tempting to speculate that the formation of the
GAP–p21ras complex pushes p21ras towards its GDP-
bound conformation and that this accounts for part of the
catalytic effect of GAP. In addition to such an electrostatic
control of the active site in p21ras, it is possible that GAP
directly stabilizes the proposed pentacovalent transition
state or stabilizes the negative charge that is being devel-
oped during the reaction at the b–g bridging oxygen
atom. In fact, the crystal structure reveals that the active
site is located directly at the surface of p21ras, allowing a
direct contact of a GAP residue with the g-phosphate
group or the b–g bridging oxygen atom. However, a
clearer picture of the GAP-activated GTPase mechanism
will eventually emerge when the 3D structure of a
p21–GAP complex is solved.
Biological implications
p21ras is one of the key components in a signal trans-
duction pathway that controls cell growth and prolif-
eration. The GTP-bound form of p21ras sends a
growth-promoting signal that is terminated when the
protein is in its GDP-bound form. The interaction of
nucleotide exchange factors (GEFs) with p21ras leads
to activation of the protein by promoting GDP→GTP
exchange. p21ras is deactivated by the hydrolysis of
GTP to GDP and this process is accelerated by the
interaction between ras and the GTPase activating
protein (GAP). Oncogenic mutations of p21ras trap
the protein in its biological active GTP-bound form.
Other mutations interfere with the activity of GEFs.
Implication of p21ras in human cancer, and the
general interest in the action of G proteins, make it
very important to correlate the structure of this
protein with its function.
The present work takes the crystal structures of the
p21ras–GTP and p21ras–GDP complexes as starting
points for calculations of electrostatic contributions to
binding energy. These calculations are then used in
an attempt to explore several issues about the effect
of mutations, and the mechanism of activation and
deactivation of this protein. In doing so, we demon-
strate that calculations of electrostatic energies can
provide a road map for locating ‘hot’ residues whose
mutations are likely to lead to large effects on
nucleotide binding and other functional aspects of
p21ras. Strong correlations exist between large group
contributions and large mutational effects. It is also
demonstrated that calculations of binding energies
can reproduce, qualitatively, observed effects of dif-
ferent mutations on GTP and GDP binding, which
helps in elucidating the molecular origin of these
effects. Specific examples are given by the analysis of
the negative inhibitory effect on signal transduction of
Gly15→Ala, Ser17→Ala and Ser17→Asn mutants.
Obviously electrostatic effects are not the only
important factor in binding, and in fact our binding
calculations also involve hydrophobic effects such as
the interaction of the aliphatic portion of the highly
conserved Lys117 or Phe28 with the guanine base.
However, as far as binding of GTP and GDP is con-
cerned, it is very likely that electrostatic contribu-
tions provide the major effect. Thus, finding a strong
correlation between electrostatic contributions and
significant mutational effects is not surprising. What
is, in our opinion, very significant is the finding that
the major contribution to nucleotide binding comes
from the protein main chain. The possible impor-
tance of the main chains has been pointed out before
[14,15]. However, the actual contribution of the
main chain and its relative importance could not be
assessed quantitatively without energy calculations,
as mutation experiments cannot provide direct infor-
mation on this issue. 
The effect of the main-chain dipoles is particularly
important in the highly conserved P-loop (residues
10–17). This glycine-rich motif, which wraps around
the b-phosphate of the nucleotide, acts as a highly
specific phosphate-chelating domain. The P-loop is
probably involved in GTPase chemistry and also
fixes the Mg2+ ion. This might explain why such a
motif has been generated independently several times
in evolution and also why it occurs very frequently in
many phosphate-binding proteins [23]. 
The observation that electrostatic interactions play a
key role in controlling nucleotide binding suggests
that these interactions are essential for the activation
of p21ras by GEF. In particular, the reduction in the
binding energies of GTP and GDP that takes place
during the activation process is likely to result from a
reduction in the electrostatic contributions to
nucleotide binding that occurs upon formation of the
p21ras–GEF complex. It is likely that the action of
GEF is transmitted from the proposed GEF-binding
region directly to the P-loop and the Mg2+-binding site
(Asp57, Ser17, Thr35). Our calculations suggest that
shifts of the L4-loop can easily be propagated to the
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P-loop via the interaction between Gly60 and Gly12.
Thus, we propose that the interaction between GEF
and p21ras is propagated in this way and shifts the
main-chain dipoles of the P-loop to an arrangement
that reduces their interaction with the bound
nucleotide. Structural changes at position 60 are also
likely to disrupt the Mg2+ binding. 
The proposal that the effect of GEF is propagated
from the L4-loop to the P-loop can rationalize the
observation that the GEF reduces the binding affinity
of GTP and GDP to the p21ras by a similar amount.
That is, assuming that the interaction between GEFs
and p21ras occurs at the L4 region and that only this
region changes upon activation one may assume that
the binding of GTP will be changed much more than
the binding of GDP. However, if the interaction with
GEF is propagated to the P-loop then a similar effect
on GDP and GTP binding can be understood. 
Another interesting point that emerges from our
calculations concerns the possible function of the
GTP→GDP structural transition of p21ras. Our analy-
sis suggests that this structural change gives rise to 
a shift of positive potential in the substrate-binding
pocket of p21ras from the g-phosphate towards the
b- and a-phosphates This transition destabilizes the
GTP ligand and shifts the equilibrium during the
GTP hydrolysis reaction towards the GDP product
and therefore may help in catalyzing the hydrolysis
reaction. With this idea in mind, it is tempting to spec-
ulate that the formation of the p21ras–GAP complex
pushes ras towards its GDP-bound conformation and
that this accounts for the part of the catalytic effect of
GAP. Of course, the actual role of the L4-loop in the
GAP-induced GTPase activation of ras cannot be
determined without elucidation of the ras–GAP
complex structure.
Materials and methods
Our calculations of absolute nucleotide binding energies (Tables 1 and
4) were performed using the semi-microscopic Protein Dipoles
Langevin Dipoles (PDLD/S) model, as implemented in the program
POLARIS [17]. This method considers explicitly the microscopic free
energy associated with moving a substrate from water to a protein’s
active site and scales these contributions in a consistent way that
accounts, for example, for the effect of the protein induced dipoles that
are not considered explicitly. The relevant free energy is given by [18]:
DDGw→p=[(DGl+psol,w–DGpsol,w)–DGlsol,w] [1_ep–1_ew]+[VQm] 1_ep (1)
DGsol,w is the PDLD/S estimate of the solvation energy of the indi-
cated system in water; p and l designate protein or ligand, respec-
tively; Vqm is the vacuum interaction between the charges of the
ligand and the residual charges of the protein atoms; ew is the dielec-
tric constant of water; and ep is a ‘dielectric’ scaling constant for the
protein region. This scaling constant is not related to the true local
dielectric constant of the protein but merely represents the contribu-
tions that are not treated explicitly in the model. That is, (as explained
in [37]) when all contributions are included explicitly, as is the case in
the regular PDLD treatment, ep=1. When the protein-induced dipoles
are treated implicitly, as in the PDLD/S model, ep=2. As the PDLD/S
explicitly represents all contributions except the induced dipoles, it
should be implemented with ep=2. However, experimentation with
many test cases indicates that more accurate results are obtained
with ep=4. This is probably due to the fact that our microscopic treat-
ment does not converge fully within the available simulation time. In
particular, it is possible that the penetration of water molecules upon
change in the substrate charges is not fully accounted for. It is also
possible that the simulations do not sample sufficiently large configu-
rational space, although the model involves averaging over configura-
tions generated by MD simulations with very reliable boundary
conditions. The reason for using the PDLD/S method rather than
more microscopic approaches is the fact that it converges faster than
free energy perturbation (FEP) approaches and gives reliable results
with much less effort [18]. Note that the PDLD/S model is not an arbi-
trary ad hoc model, as it is based on well defined microscopic consid-
erations. Furthermore, this model has been found to give reliable
results in many test cases of charged groups in proteins, including
pKas, redox potentials, binding energies, catalytic effects and other
properties [17,38]. More details about the PDLD/S and PDLD
methods, their implementation and validation can be found in many
publications (e.g [17]). 
As demonstrated in many of our studies (e.g. [39]), calculations of
electrostatic energies that do not consider the solvent in and around
the protein are rather meaningless. The PDLD method obtains reliable
results by representing the solvent molecules as a grid of Langevin-
type dipoles. Careful studies (see in particular [39,40]) have estab-
lished that reliable results can also be obtained by modeling some
water molecules that are found in crystal structures using an all-atom
model while simulating the rest by Langevin dipoles. However, it is
important to note that it is an extremely bad approximation to include
only the molecules observed by X-ray diffraction of protein crystals and
neglect the surrounding solvent [39]. Furthermore, taking the positions
of the solvent molecules observed by the X-ray for only one state of the
system (e.g. the bound substrate structure) is not so useful. It is also
instructive to note that the ENZYMIX program that is used to relax the
protein in each state involved the use of explicit water molecules with
the powerful local reaction field (LRF) long range treatment [41] and
very reliable boundary conditions. The readers who are interested in the
robustness of the PDLD method with respect to the treatment of
solvent molecules are referred to [39,40]. 
As already discussed, it is useful to have the group contributions
obtained by mutating each group to its fully neutral (non-polar) form.
This is an expensive procedure and it is useful to search for a simplified
way that provides a reasonable estimate of the corresponding group
contributions. Fortunately, we have found here and in earlier studies
that the largest part of the PDLD/S group contributions of uncharged
residues comes from the Vqm/ep term of equation (1). This term repro-
duces the ‘non-relaxed’ group contribution obtained from equation (1)
when the explicit solvent dipoles and protein atoms are not allowed to
relax in response to the change of the charge of the given group. The
non-relaxed group contribution is a very reasonable approximation for
the corresponding PDLD/S contribution of non-charged internal
groups, whereas for polar surface groups the surrounding surface basi-
cally increases the effective value of ep by a factor of two at most. The
justification for using non-relaxed group contributions is established
clearly in the test cases of Table 2. In treating ionized groups one
cannot use non-relaxed group contributions as the contribution of the
solvent around the protein is large. Fortunately, one can obtain a reli-
able estimate of such contributions by using Coulomb’s law with a
large effective dielectric constant, eeff>15, and with optimal value of
eeff=40 (see e.g. [38]). Although this approximation might seem strange
to those who are not familiar with electrostatic energies in proteins, it
works as well as or better than some of the most sophisticated models
and is established by many experimental observations in many proteins
(see for example [17,38]). In this respect, it is instructive to point out
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that even in the inner part of membrane proteins (e.g. bacterial reaction
centers) the effective dielectric for charge–charge interactions is very
large [38] and in many cases the observed effective dielectric is larger
than that obtained by microscopic and semi-macroscopic treatments
(S Rongey, M Okamura, V Nagarajan, R Alden and W Parson, unpub-
lished results).
Considering the fact that some of our conclusions about the impor-
tance of the main-chain dipoles are based on using macroscopic esti-
mates of the contributions of ionized residues, it is reasonable to
question how sensitive our conclusions are to the value of the
assumed effective dielectric constant. Estimating the effect of the
ionized residues using the optimal value of eeff=40 and evaluating the
effect of the non-charged residues using the non-relaxed approxima-
tion (which is validated in Table 2) we find that the most important
contributions to nucleotide binding come from the main-chain dipoles
(Figs 3,4). This finding can be re-examined by using the lowest limit of
eeff (this lower limit occurs only in very few special cases of very
strong ion pairs [42]. This is carried out in Figure 10 where the group
contributions are re-evaluated using eeff=15. Here we obtain signifi-
cant contributions from the ionized residues but in most cases we
believe that these contributions are drastically overestimated. As the
change of KD upon mutation of charged residues has not been
reported so far (perhaps because no effect was observed in prelimi-
nary experiments) we can only support this point by indirect evidence.
First, it is easy to see from Figure 10 that mutations of most ionized
residues are not correlated with large reported changes in nucleotide-
binding activity. Second, in several cases one can be certain that the
effect of ionized residues is much smaller than the upper limit
obtained with eeff=15. For example, with eeff=15 one would predict
that a mutation of Lys88 would lead to a 3000-fold increase in KD
whereas using eeff=40 predicts a mere 25-fold increase in KD. We
find the second value to be much more likely as Lys88 is located
more than 8 Å away from the nucleotide. Based on all known cases of
charge–charge interactions in proteins, we predict an increase in KD
of one order of magnitude as a result of a mutation of Lys88 and
cannot see any way that this constant will increase by three orders of
magnitude. The same argument can be evoked for most other ionized
residues in p21ras. Basically, the limit of eeff=15 occurs only in special
cases and eeff≥40  usually provides a reasonable estimate of the
effect of charged groups. Finally, it is useful that in the limit where eeff
is much larger than 40 the argument that the major contribution to
binding is due to the main-chain dipoles is even more valid than that
for the optimal value of eeff=40 group. 
The actual calculations of binding energies involve a generation of
relaxed structures by MD simulations using the program ENZYMIX,
while constraining the atoms of the spherical inner part of the protein
except the substrate (using harmonic potential of the form
V′=SiA(
→ri–
→ri 0)2, with A=1.0 kcal mol–1 Å–2 for the atoms within a radius
of 18.5 Å from the b-phosphate phosphorus atom of the nucleotide). In
addition, harmonic distance constraints with A=10.0 kcal mol–1 Å–2
were introduced between the Mg2+ ion and the oxygen atoms that are
spanning the coordination sphere of this metal ion. The constraints
guarantee that the local crystal structure around the metal ion is not
drastically perturbed during the MD simulation. This is important as our
study is not focused on the challenging issue of how one can repro-
duce the crystal structure of highly charged systems, but on evaluating
the energetics of such systems. Thus, we prefer to use relatively weak
constraints that force the calculated protein structure to stay close to
the corresponding observed structure, evaluating the energy of this
conformational region rather than spending much longer simulation
time allowing the system to move into other regions of the configura-
tional space. This approach is particularly useful in calculations of elec-
trostatic energies as it reflects the energetics near the observed crystal
structure. It is useful to point out that we cannot just take the crystal
structure at its face value, since we must reproduce the local structural
relaxation upon ‘charging’ the ligand and this information is not
available from most structural studies. 
Our simulations treated Lys16, Asp33, Asp38, Asp57, Glu62, Glu63,
Lys88, Lys117 and Asp119 in their ionized form whereas the Mg2+ ion
was considered to be fully charged. The PDLD/S protocol used
involved an automated generation of eight protein structures, (each by
1000 MD steps of 2 fs time intervals) and evaluation of the average
value of the PDLD/S binding energies for these structures.
In view of the rather long discussion given above, we clarify here
again the approach we used in the different calculations presented in
this work. The PDLD/S approach was used in evaluating the total
binding free energy (Table 1) the effect of selective mutations (Table
4) and the validation of using the non-relaxed group contributions
(Table 2). On the other hand, we used the non-relaxed contributions
for non-charged residues and Coulomb’s law with large eeff for
charged residues in the qualitative evaluations of group contributions
(Table 3 and all figures).
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